We demonstrate a novel type of breather solitons triggered by avoided mode crossings that are ubiquitous phenomena in multi-mode optical microresonators, which was termed as intermode breather soliton.
Introduction
Dissipative solitons are self-localized structures resulting from the double-balance of dispersion by nonlinearity and dissipation by a driving force, which have been observed in a variety of systems ranging from plasma physics, matter waves, chemistry and biology [1] . Their form in dissipative and nonlinear optical microresonators, also known as dissipative Kerr solitons (DKS) [2, 3] has recently attracted high attention. Indeed, DKS constitute a way to generate coherent optical frequency combs that are spectrally broadband and fully coherent, exhibiting large repetition rate, and therefore is particularly suitable to applications including spectroscopy, frequency metrology, coherent communication, range measurements and low-noise microwave generation. While stationary stable soliton states are required in applications, DKS exhibit also a panel of instability such as temporal breather solitons that undergo periodic oscillations in their amplitude and duration (when circulating inside the cavity). Conventionally, the breathing phenomenon corresponds to an intrinsic dynamical instability of dissipative Kerr cavity systems described by a standard LugiatoLefever equation (LLE) model, which exists near the low-detuning boundary of the soliton existence domain (where stationary stable DKS are supported).
Here, we demonstrate a novel type of breather solitons triggered by avoided mode crossings (abbreviated as AMX hereafter) that are ubiquitous phenomena in multi-mode optical microresonators, which was termed as intermode breather soliton. In particular, intermode breather soliton exists directly within the stationary stable region of DKS (cf. Fig. 1(a, b) .)
Results
Today, most microresonator platforms are multi-mode either inherently or on grounds to engineer the waveguide dispersion. Therefore, they are prone to having inter-mode coupling. AMX then describe a situation when two modes exhibit a similar resonance frequency and, through linear coupling, a pair of symmetric and asymmetric modes is formed with revised resonance frequencies. If sufficiently weak and rare, AMX typically lead to local alterations in the spectrum of the soliton based frequency comb, resulting in power enhancement at certain comb teeth (cf. Fig.  1(c) for the spikes). In particular, AMX can lead to the formation of dispersive waves that induce soliton spectral recoil, and in recent work have been shown to enable the reduction of the repetition rate noise by balancing the Raman self-frequency shift. Yet, to date, little is known about soliton dynamics in the presence of the inter-mode coupling.
In our experiments, by characterizing the RF repetition beatnote signal, a breathing dynamic, corresponding to the occurrence of side bands, was captured when the laser detuning (precisely measured by a system response to the pump modulation [4] ) remains within the stable soliton existence range. This result implies that the breathing dynamic is beyond the conventional understanding of DKS, which mathematically are described by the LLE.
Moreover, we experimentally demonstrate an energy exchange regime in the inter-mode breather soliton (see Fig.  1(e) ), by measuring both the power in the power-enhanced modes (spikes) and the power of the soliton. We observed that the power in the mode µ c = 47 shows an out-of-phase oscillation with respect to the soliton power, while the power in the mode µ c = −89 oscillates in-phase. These observations are in excellent agreement with our simulations (Fig.  1(f) ), implying that the wave mainly localized in the mode µ c = 47 of the crossing mode family is actively interacting with the soliton, and is causing the breathing through energy exchange. 
Discussion
Our results provide a new insight into the dynamics of cavity dissipative solitons by revealing an energy exchange regime that can generally exist in multi-mode Kerr cavities. Equally important, they are highly relevant to application as inter-mode breather solitons indicate a new panel of soliton instability which is detrimental to low-noise microwave generation, for example.
